Epitaxial lanthanum aluminate (LaAlO 3 ) thin films were deposited on single-crystal substrates by pyrolysis of spin-on mixed nitrate precursors. The films are epitaxial without any second phase. TEM micrographs show that all of these films have pores with sizes ranging from 5 to 30 nm. Grain boundaries are not observed. Selected area diffraction shows that the films are single-crystal-like, despite the porosity. All the films are smooth and crack-free. The precursors first decompose into an amorphous mixture. Heterogeneous nucleation occurs on the lattice-matched, single-crystal substrate surface. The epitaxial films grow upward and consume the amorphous regions. The crystallization temperature of LaAlO 3 is lower for thin films than for bulk samples due to nucleation on the substrate. The crystallization of LaAlO 3 does not exhibit linear growth kinetics. The Johnson-Mehl-Avrami exponent of growth is between 1.4 and 1.5. This deviation from the linear growth model (n 1) can be attributed to continuous nucleation on the substrate/film interface.
I. INTRODUCTION
A Ba 2 YCu 3 O 7-x (BYC) superconductor multilayer device requires both high quality superconductor and dielectric films. Only epitaxial BYC films have demonstrated the capability to carry high current densities. [1] [2] [3] [4] This limitation on the BYC film microstructure requires that the underlying dielectric films also be deposited epitaxially in order for the subsequent superconductor films to grow epitaxially. This constrains the dielectric films to be lattice-matched. Practical devices also require that these dielectric layers to have low dielectric constant and loss, low electrical conductivity, high dielectric strength, good mechanical strength, and chemical compatibility with BYC. The deposited films must be smooth, uniformly thick, and crack-and pinhole-free. The temperatures used in the dielectric deposition process must be low to prevent potential chemical reactions between BYC and the dielectric materials.
Single-crystal (100) lanthanum aluminate has become one of the favorite substrate materials for BYC films deposition because of its lattice matching properties (only 2% mismatch with BYC), relatively low dielectric constant, and chemical stability with respect to BYC. It is also a suitable dielectric material. Lanthanum aluminate has two crystal structures: a rhombohedral structure at low temperatures, and a cubic perovskite structure at high temperatures. Lanthanum aluminate is generally referred to as pseudo-cubic even at room temperature because the difference between the rhombohedral and the cubic cell is very small. The cubic notation is used throughout this study. Epitaxial lanthanum aluminate thin films have been deposited by using off-axis rf sputtering 5 and rf-magnetron sputtering. 6 This study uses pyrolysis of spin-on liquid precursors to deposit epitaxial LaAlO 3 films. Pyrolysis of chemical precursors can be an alternative approach to deposit epitaxial films. Metal salts or metal-organic compounds of controlled stoichiometry are dissolved in volatile solvents. The liquid is applied to the substrate surface by spin coating, dip coating, or spraying. The solvent is then allowed to evaporate. Pyrolysis of the precursors forms the desired inorganic phases. Epitaxial multication oxide films have been deposited by pyrolysis of chemical precursors. [7] [8] [9] [10] [11] [12] This method offers several advantages over vapor deposition methods. This approach has the potential of deposition over large and nonplanar surfaces. It also has the potential to planarize trenched surfaces, as in step planarization in semiconductor devices by spin-on glass. Finally, it can produce films that are chemically homogeneous.
Mixed lanthanum-aluminum nitrate precursor is used for depositing epitaxial LaAlO 3 films in this study. Most spin-on techniques for multication oxide film depositions have used sol-gel precursors. The prevalent thinking is that only precursors with molecular structures that link together the different metal cations can preserve the stoichiometry at the molecular level during decomposition and oxide formation. Mixed metal salts, because of their different solubilities and decomposition temperatures/rates, are believed to lead to local cationic segre-gation. This perception, however, has not been tested in thin film fabrication. Previous studies have demonstrated that mixed metal salt precursors can produce high quality epitaxial magnesium aluminate and LaAlO 3 films. [13] [14] [15] These films have smooth surfaces and single-crystallike qualities. The advantages of using nitrates include simplicity of the process, avoidance of carbon contamination, and low decomposition temperatures when compared to other inorganic salts.
There are other important scientific issues examined in this work. There is currently little literature available on the kinetics of heteroepitaxial growth of multication ceramics from amorphous materials despite the increased awareness of spin-on techniques and other ex situ deposition methods. The other area that deserves attention is the porosity due to the inevitable volume change during pyrolysis on epitaxial growth. The material chosen for this study, LaAlO 3 , is a good candidate to study multication oxide heteroepitaxy. Its cubic structure at high temperatures simplifies crystallographic characterization. The perovskite structure is also important in electroceramics. Our approach is to examine the microstructures of the decomposed product before and during growth to determine the mechanism of epitaxy. The kinetics of epitaxial growth are also studied. The understanding gained in this work can lead to deposition of other epitaxial films by similar spin-on techniques, as well as insight in solid-phase heteroepitaxy.
II. EXPERIMENTAL PROCEDURE
The substrates used in this study were single-crystal yttrium-stabilized zirconia (YSZ), SrTiO 3 , MgAl 2 O 4 , and MgO substrates. All substrates were cleaned with 15 min of ultrasonication in chloroform, followed by 15 min in acetone and 15 min in methanol. They were cleaned once more in methanol and were inspected under an optical microscope before spin-coating.
The mixed nitrate precursors for lanthanum aluminate were produced by dissolving stoichiometric amounts of aluminum nitrate [Al(NO 3 ) 3 ? 9H 2 O] and lanthanum nitrate [La(NO 3 ) 3 ? 6H 2 O] in methanol. The solutions were stirred with a magnetic stirrer for 30 min. The nitrate solutions were filtered with a 0.22 mm ceramic tip filter to eliminate particulates from the solution. The solutions were spin-coated on the substrates inside a dry box with a dry nitrogen atmosphere. The films were spun at 7000 rpm for 120 s. The as-spun films were transferred to a tube furnace that was attached to the dry box and filled with dry nitrogen. Exposure to atmospheric contaminants was avoided in this way. The furnace was switched to dry oxygen gas for about 30 min before pyrolysis. The heating schedule is shown in Fig. 1 .
Powder samples were made by drying the methanolbased solution and pulverizing the solid. The decom- position processes of the metal nitrate powders were analyzed by thermogravimetric analysis (TGA) and differential thermal analysis (DTA). A Seiko Model 320 thermal analyzer and a Perkin-Elmer TGA7 thermogravimetric analyzer were used for the TGA/DTA experiments. The surface features of the films were examined by scanning electron microscopy (SEM). The crystallinity and the in-plane orientation of the films were studied by normal powder rocking curve and fourcircle XRD techniques. The in-plane orientation and the fraction of conversion of these epitaxial films were measured quantitatively by four-circle x-ray diffraction.
The four-circle XRD setup is shown schematically in Fig. 2 . The orientation of the sample is rotated by three circles of a four-circle goniometer. The "four circles" are two-theta (2u), theta (u), chi (x), and phi (f). The u and 2u circles are similar to those in normal powder diffraction. In this setup, however, the u and 2u circles can be rotated independently such that 2u may not necessarily equal to twice the value of u. The f axis is made coincident with the film surface normal. Chi controls the tilt of the incident x-ray beam with respect to the sample. The Cu K a radiation was generated by a Rigaku rotating anode source. The accelerating voltage in all the four-circle XRD experiments was 50 kV and the current was 160 mA.
Lanthanum aluminate films on SrTiO 3 substrates were heated at rate of 10 Plan-view and cross-sectional transmission electron microscopy (TEM) were performed on the thin film samples. Transmission electron microscopy was done on the calcined nitrate powders as well. The powder samples were dispersed on copper TEM grids. Microscopy was performed on a JEOL 200CX microscope operating at 200 kV.
III. RESULTS AND DISCUSSION
Films on SrTiO 3 substrates were approximately 0.1 mm thick and were made using a 0.25 osmolar (mole solute͞liter solvent) solution. The fired LaAlO 3 film surfaces were smooth and crack-free (Fig. 3) .
Only (100) LaAlO 3 phase was detected by XRD (other than the substrate diffraction) on SrTiO 3 substrates when heated to at least 650 in epitaxial crystallization of amorphous silicon. 18 The SAD showed that the films were single-crystal-like even with the porosity. Grain boundaries were not observed.
The epitaxial quality of the chemically derived LaAlO 3 films can be assessed by growing other epitaxial films upon them. Epitaxial BYC derived from metal-organic deposition (MOD) of metal trifluoroacetates has been deposited on chemically derived LaAlO 3 . The properties of these BYC films are reported elsewhere. 13, 15 Epitaxial (100) CeO 2 has also been successfully deposited by electron-beam evaporation on these LaAlO 3 films. 19 The successful deposition of (100) CeO 2 also showed that the surface did not have any significant amount of noncrystalline, nonepitaxial material. The results from electron-beam evaporation, unlike those from MOD of BYC, ruled out the possibility that chemical precursors or their by-products etch/clean the surface to remove any noncrystalline material.
XRD spectra for LaAlO 3 films on (100) SrTiO 3 substrates showed only (100) LaAlO 3 phase, and no other phase was detected when annealed at 650 ± C for 2 h (Fig. 5) . Normal strain was not observed in the films (within 0.1% error) by comparing the 2u positions of the observed peaks with those of bulk samples. Diffraction from the (100) LaAlO 3 plane was not observed, however, when the films were heated to 630 ± C for 2 h. No other phase was detected except for the substrate diffraction in either case. Diffraction from the (100) LaAlO 3 plane was not detected on MgO, YSZ, and MgAl 2 O 4 substrates for films held at 750 ± C for 2 h. Polycrystalline LaAlO 3 diffraction peaks were observed in films on MgO substrates when heated to 900 ± C for 2 h. LaAlO 3 films on SrTiO 3 showed only the (100) orientation, even when heated to 900 ± C for 2 h. The results are summarized in Table I . No crystallinity was observed by TEM for the mixed lanthanum aluminum nitrates powder calcined at 750 ± C for 2 h. Some signs of crystallinity were observed after calcination at 775 ± C for 2 h, but the weak intensities of the diffraction spots made the determination of the crystal structure impossible. Polycrystalline LaAlO 3 , however, was detected by SAD when the mixed lantanum-aluminum nitrate powder was calcined at 800 ± C for 2 h. The results in Table I clearly indicate that latticematched substrates, such as SrTiO 3 , strongly enhance nucleation. Heterogeneous nucleation is observed at least 100 K below that found on non-lattice-matched substrates. This is consistent with other studies where heterogeneous nucleation using lattice-matched seeds can reduce the observable crystallization temperature in powder samples by up to 250 ± C. [20] [21] [22] Enhanced nucleation has also been observed during crystallization of thin films. 23 Non-lattice-matched substrates gave rise to randomly oriented grains and did not crystallize until much higher temperature. This suggests that only homogeneous nucleation is occurring for films on these substrates. No major reduction in nucleation temperature was observed when the lattice mismatch was large (5.2%, 6.1%, and 10.0% for YSZ, MgAl 2 O 4 , and MgO substrates, respectively, versus 3% for SrTiO 3 substrates).
DTA results do not show any evidence of liquid formation at temperatures where crystallization occurs. This suggests that there is no transient liquid from which the epitaxial phase precipitates, as in some metal-organic deposition films. 24, 25 The entire transformation is a solidphase reaction.
Solid-phase homoepitaxy has been studied extensively in semiconductor recrystallization, such as that described for silicon. Typically, a layer of amorphous or polycrystalline film is deposited on a single-crystal substrate. The substrate grows into the amorphous layer during annealing. 26 A similar mechanism was reported in epitaxy of yttrium-stabilized zirconia films on singlecrystal zirconia substrates. 27 The zirconia substrate grows the nanopolycrystalline intermediate film. The yttriumstabilized zirconia layer was of the same structure as the substrate except for the lattice strain.
There are two mechanisms in which heteroepitaxial films can be transformed from solid intermediate films.
They are illustrated schematically in Fig. 6 . The first mechanism involves the nucleation of epitaxial grains at the film/substrate interface [ Fig. 6(a) ]. These epitaxial grains grow by consuming the intermediate film. This mechanism is similar to solid-state homoepitaxial growth of amorphous silicon on silicon substrates. This is also observed in heteroepitaxy of LaAlO 3 films derived from metal-organic deposition on SrTiO 3 substrates. 8 The kinetics of epitaxial growth from an amorphous phase has been investigated mainly for the growth of homoepitaxial silicon. The growth is typically layer-bylayer and the fraction of crystallization is linear with time. There have not been many studies in heteroepitaxial growth from amorphous intermediate film except for barium ferrite (BaFe 12 O 19 ) films on sapphire. 28 The second mechanism is a multiple-step process [ Fig. 6(b) ]. A polycrystalline film is formed initially. Subsequent grain growth produces grains with size on the order of the film's thickness. The difference in the surface and interfacial energies of the grains is the driving force promoting grain growth. Once the size of the grains approaches the thickness of the film, grains with particular orientation grow at the expense of grains of other orientations. Epitaxial grains, which generally have lower energy, grow and consume other grains. It is, nonetheless, not required that a lattice-matching condition exist. Grains with the minimum energy orientation will eventually dominate, as long as there is one orientation with minimum surface energy and interfacial energy. This phenomenon has been observed in metallic films. 29 The particular mechanism operative for crystallization of MOD LaAlO 3 can be determined by examining the precursor films prior to crystallization. The f-scan data are particularly useful in determining if the films are amorphous or polycrystalline prior to epitaxial grain growth. Figure 7 illustrates the expected behavior of the u͞2u and f-scan data for the cases of amorphous and polycrystalline intermediate films. The designated (hkl) diffraction intensity will be independent of the f position if the intermediate films are polycrystalline. The (hkl) intensity at the preferred f position will increase while the intensity at other f positions will decrease with increasing annealing time. This intensity change is expected because the grains with the correct orientation grow at the expense of grains with other orientations [ Fig. 7(a) ]. If the intermediate films are amorphous, only the preferred f position will increase in intensity. The other positions will remain the same low intensity with increasing annealing time [ Fig. 7(b) ]. Figure 8 shows the f-scan data for the (211) plane of LaAlO 3 films annealed isothermally at 650 ± C for various lengths of time. Initially, the (211) diffraction intensity should be independent of f if the initial films were polycrystalline. The strong dependency of the intensity on f, even at very short hold times, however, shows that only epitaxial crystals are formed at first. The absence of the (211) diffraction at other orientations indicates that the precursor films are amorphous prior to growth of the epitaxial (100) films. Similar results were found for films annealed at higher temperatures.
The likely mechanism is the formation of epitaxial film along the substrate/film interface followed by upward growth through the film. This was confirmed by cross-sectional TEM micrographs of LaAlO 3 films heated to 650 ± C for 2 h and 3 h and then quenched. The micrograph of the film held for 3 h (Fig. 9) shows that the region near the substrate was crystalline, whereas the top region remains amorphous. TEM photomicrographs of quenched films also show that the growth interface is rough. This is rather unusual for growth of ceramic materials. Typically ceramic crystal growths result in a sharp or faceted growth interface. One possible reason is the huge driving force for crystallization. The amorphous region can be viewed as a supercooled liquid because the melting temperature of LaAlO 3 is 2075 -2110 ± C. 30, 31 The undercooling is approximately 1450 ± C. A large undercooling produces a huge driving force for transformation from amorphous to crystalline phase. A sharp interface is rare under such conditions. 32, 33 One may argue that the low entropy change in crystallization is another likely explanation for the rough interface. 34 Jackson proposed that the magnitude of the change of entropy (DS f ) divided by the Boltzmann constant (k B ) can predict whether the interface would be rough or smooth. A DS f ͞K B of less than 2 will give a rough growth interface when the system solidifies at the melting temperature. In this case, the amorphous region can be viewed as an undercooled LaAlO 3 liquid. The cal-culated entropy of fusion at the melting temperature from liquid to solid LaAlO 3 is 4.60 cal mol -1 K -1 (1.99 3 10 -4 eV͞K). 31 The value of DS f ͞k B is 2.32. The value of DS f at 650 ± C may be different from that at the melting temperature, but can be estimated by assuming that DH f is relatively constant with respect to temperature. The value of DH f at the melting point is 11.88 cal mol -1 K -1 . The estimated value of DS f ͞k B at 650 ± C is 5.99, which suggests that the interface should be highly faceted. Clearly, the large entropy change must be reduced to account for the reduction of entropy on cooling the liquid to form an amorphous solid. Accurate estimates of this entropy change are not known for LaAlO 3 .
The integrated intensities of the 2u scan of the (211) LaAlO 3 diffraction were used to quantify the fraction of crystallization. The integrated intensity of the diffracted beam is assumed to be proportional to the numbers of scattering centers (and thus the amount of epitaxial material). Pores do not contribute to the diffracted beam. The contribution to the diffraction beam intensity from the material further below the surface is less than the material on the surface due to absorption. The fraction of diffraction intensity G x contributed by a surface layer of depth x can be expressed as
where m is the linear absorption coefficient, g is the incident angle, and b is the diffracted angle. The linear absorption coefficient for LaAlO 3 , 1607 cm -1 , is calculated from tabulated values. 35 The value of mx is 0.016 for films 1000Å thick. A Taylor series can be used to approximate Eq. (1) such that
Thus, it is reasonable to assume that the diffraction intensity is directly proportional to the amount of LaAlO 3 present. One potential problem with this measurement is that a slight difference in the film thickness may give a slightly different fraction of crystallization for the samples due to impingement of growth by the upper surface. This problem, however, can be reduced by measuring only the early stages of crystallization. The early stages of crystallization are not affected by the presence of the top surface because the crystal front grows up from the substrate interface.
The integrated intensities of the LaAlO 3 samples annealed for different lengths of time were plotted according to the Johnson-Mehl-Avrami transformation equation for nucleation and growth: 36,37
where X is the transformed fraction and t is time. The diffraction data showed that n was 1.43, 1.49, and 1.49
for LaAlO 3 on SrTiO 3 at 650 ± C, 665 ± C, and 680 ± C, respectively (Fig. 10) . For comparison, homoepitaxy recrystallization of silicon typically has n 1 in which the transformation is linear. The volume crystallized changes proportional to time until completion. Other heteroepitaxy systems such as barium ferrite on sapphire have n between 2.3 and 3.1.
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The growth of the LaAlO 3 is believed to be interface-controlled, as there is no need for long-range diffusion because the amorphous phase is well mixed. This makes the Johnson-Mehl-Avrami exponent of 1.4 -1.5 difficult to explain. A perfect layer-by-layer growth for an interface-controlled transformation has n 1, as in silicon homoepitaxial growth. The substrate acts as a huge nucleus in homoepitaxial film growth. In heteroepitaxy, nuclei are formed and cover the entire plane of the substrate interface [ Fig. 11(a) ]. The film is modeled as growing upward. An approximate homoepitaxial situation exists if nucleation is fast and rapidly covers the surface before any growth proceeds. Thus, we expect n 1 for this situation. The most probable scenario in this case is that the nuclei were formed gradually. The entire substrate surface was not covered with nuclei instantaneously. Those epitaxial regions formed earlier can grow threedimensionally. Nucleation continues until the entire substrate surface is covered with LaAlO 3 . Nuclei formed later are impinged in directions coplanar with the substrate, but can continue to grow upward (onedimensionally). This gives a Johnson-Mehl-Avrami exponent greater than 1. This situation is schematically illustrated in Fig. 11(b) and is different from a typical continuous nucleation, three-dimensional, interfacecontrolled model. Here all the nuclei are confined in the plane of the substrate surface. Also, nucleation stops once the entire substrate surface has been covered with crystallized material. This explanation is supported by the TEM micrograph of a partially converted film (Fig. 9) . The converted region appears as a conglomerate of spheres of crystallized LaAlO 3 .
The more extreme case is when there are only a few nuclei formed initially. These nuclei, if scattered far apart, continue to grow until they reach the top surface of the film. They are more likely to first be impinged in the upward direction than in the in-plane direction. The situation is similar to the normal three-dimensional growth. The Johnson-Mehl-Avrami exponent will be close to 3. This scenario is unlikely since the TEM micrographs did not show isolated converted regions.
Other factors that may influence the film growth rate include pores, vacancies, and strain. Pores are the result of the volume change during crystallization of the film. They may slow the crystallization growth rate as in pore drag during grain boundary movement in ceramics. Cross-sectional TEM micrographs, however, do not show any voids near the growth interface. Vacancies may have to diffuse to the film surface for further crystallization of LaAlO 3 . However, it is believed that only short range diffusion is significant at these temperatures, and thus the effect of vacancy diffusion is negligible. The other potential factor that may influence the growth is the strain energy due to lattice mismatch. Lattice strain has been shown to perturb the growth rate. The recrystal-lization rates of strained semiconductor were lower than those of unstrained alloys. [38] [39] [40] However, this factor was negligible for the films studied here. The films, including the partially converted ones, were not strained.
A slight increase in annealing temperature increased the growth rate dramatically. Complete crystallization occurred in approximately one hour at temperatures as low as 700 ± C, in contrast to hours needed to completely crystallize a 1000Å thick film at 650 ± C. Crystallization kinetics for LaAlO 3 films at annealing temperatures higher than 680 ± C could not be done with any accuracy because of the fast growth rate above 650 ± C.
IV. CONCLUSIONS
This work examines the heteroepitaxial growth of LaAlO 3 thin films from pyrolysis of mixed nitrate precursors. The films are epitaxial with only the desired phase and orientation formed when lattice-matched substrates are used. The SAD of the films shows that they are similar to single crystals. Porosity is, however, observed with size ranging from 5 to 30 min.
The precursor first decomposes into solid amorphous mixture. Lattice-matched substrates reduce the crystallization temperature of lanthanum aluminate by more than 100 K. The epitaxial films heterogeneously nucleate at the substrate/film interfaces and grow upward to consume the amorphous solid regions. Only homogeneous nucleation is observed on highly mismatched substrates and does not occur until much higher temperature.
The kinetics of the solid-state thin film heteroepitaxy, especially in multication oxide films, has scarcely been studied by others. It was found in this study that LaAlO 3 films do not grow in the layer-by-layer mode, as in typical homoepitaxy. The Johnson-Mehl-Avrami exponent was between 1.4 and 1.5. The most likely explanation is that the nucleation on the substrate surface proceeded gradually. Regions nucleated earlier can grow three-dimensionally. Regions nucleated later are impinged and can only grow upward through the thickness of the film.
